Gating of Two Mechanoelectrical Transducer Channels Associated with a Single Tip Link  by Sul, Bora & Iwasa, Kuni H.
Biophysical Journal Volume 99 August 2010 1027–1033 1027Gating of Two Mechanoelectrical Transducer Channels Associated
with a Single Tip LinkBora Sul†‡* and Kuni H. Iwasa†
†Biophysics Section, Laboratory of Cellular Biology, National Institute on Deafness and Other Communication Disorders, National Institutes of
Health, Rockville, Maryland; and ‡Department of Physics, University of Maryland, College Park, MarylandABSTRACT Although gating of mechanoelectrical transducer (MET) channels has been successfully described by assuming
that one channel is associated with a tip link in the hair bundle, recent reports indicate that a single tip link is associated with more
than one channel. To address the consistency of the model with the observations, gating of MET channels is described here by
assuming that each tip link is associated with two identical MET channels, which are connected either in series or in parallel. We
found that series connection does not lead to a single minimum of stiffness with respect to hair bundle displacement unless the
minimum is above a certain positive value. Thus, negative stiffness must appear in pairs in the displacement axis. In contrast,
parallel connection of the two channels predicts gating compliance similar to that predicted by the one-channel-per-tip-link model
of channel gating, within the physiological range of parameters. Parallel connection of MET channels is, therefore, a reasonable
assumption to explain most experimental observations. However, the compatibility with series connection cannot be ruled out for
experimental data on turtle hair cells.INTRODUCTIONGating of the mechanoelectrical transducer (MET) channels
in the hair bundles of hair cells is a critical process in mech-
anoreception, including hearing. This process is usually
described by theoretical models which assume that only
one MET channel is associated with each tip link in the
hair bundle (1–3). However, recent experimental data
suggest that the number of channels significantly exceeds
the number of tip links (4,5).
The number of MET channels, obtained by dividing the
maximum transducer currents by unitary current, outnum-
bers tip links by ~20% for inner hair cells and by ~70%
for outer hair cells of rats (4). Comparison of the current
and the number of stereocilia with increase of calcium fluo-
rescence on gating indicates that the ratio of the number of
MET channels to the tip links is 2.3 for rat inner hair cells
(5). These observations suggest that at least some of the
tip links are associated with two or more MET channels.
The classical theoretical model used for analyzing gating
of the MET channels is based on two assumptions: one is
that each tip link is associated with one MET channel and
the other is that the MET channel has two states, open and
closed (1). This model predicts that the current-displace-
ment plot is symmetric with respect to its midpoint. In other
words, activation and saturation are symmetric. However,
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metric three-state channel that has two closed states, instead
of one, can be substituted for a simpler two-state channel
(6,7). Later it was proposed that such a three-state channel
can be reinterpreted as two strongly interacting two-state
channels (8). Certainly, this reinterpretation is consistent
with the observation that a tip link is associated with more
than one channel. However, such a model is justified only
for special cases and leaves out explanation for experi-
mental data that are symmetric with respect to activation
and saturation (1–3,9–11).
What happens if two identical MET channels are associ-
ated with a tip link? We have two simple cases of connec-
tivity between these two channels. One is series
connection and the other is parallel connection. One of the
physical implications of series connection is that each end
of a tip link is associated with a MET channel (12). Parallel
connectivity requires that both channels are on one end of
the tip link. One such possibility is that each of two strands
of the tip link is associated with a MET channel (13–15),
which shares a link to the myosin motor, responsible for
adaptation (16–18). These series and parallel connectivities
do not contain asymmetry in activation and saturation, as
will be shown later.
The issue on connectivity is related to the localization of
the MET channels, whether the MET channel is at the upper
or lower end of the tip link or both. A calcium fluorescence
study of hair bundles from frog saccular hair cells indicates
that the channels are at both ends (12). However, a recent
study on mammalian cochlear hair cells demonstrates that
these channels are only at the lower ends of tip links because
the rise of calcium fluorescence of the tallest row stereocilia
is much less than the other rows and delayed (5). It is not yetdoi: 10.1016/j.bpj.2010.05.029
1028 Sul and Iwasaclear whether this feature is specific to the mammalian
cochlea or is general to all hair bundles of the vertebrates.
The localization of the gating spring could be also an
issue for a physical model. Because the main body of the
tip link is too stiff compared to the gating spring determined
by electrophysiological studies (19), either the channel itself
or a part of the plasma membrane may serve as the gating
spring.
Here we examine the effect of series and parallel connec-
tions of two identical MET channels on gating. We also
assume that these channels are independent and respond
only to the force applied to them. These are simplifying
assumptions and it is possible that the real systems are
more complex. In our analysis, the exact localization of
the channels or the identification of the gating spring is
not as important as the connectivity of the springs involved
in the transduction process.
METHODS
Let us consider a system of two identical channels that are connected by
springs (Fig. 1). Let the connectivity be symmetric with respect to the
two channels. If each channel has two states, either open (o) or closed
(c), the system of two channels has four states: {o,o}, {o,c}, {c,o}, and
{c,c}, which will be represented by an index j. The state {c,o} is equal to
{o,c} because of the symmetry. Let the free energy of state j be ej and
the number of open channels nj.
The statistical weight that the system is in state j is then given by
Pj ¼ ebej ; (1)
where b¼ 1/(kBT) with Boltzmann’s constant kB and the temperature T. For
a given displacement x of the system, the force Fj exerted in state j is equal
to –dej/dx. Thus, we obtain
dPj
dx
¼ bFjPj: (2)B
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FIGURE 1 Schematic diagram of two channels connected in series (A)
and in parallel (B). Each channel is associated with gating distance xg
and gating spring of stiffness kg. In panel A, the likely physical picture is
that two channels are located at each end of the tip link. In panel B, both
channels are connected to an elastic element with stiffness kb. The likely
physical picture of such connectivity is that two channels are either (a) at
the lower or (b) at the upper end of the tip link. The behavior illustrated
in panel a was supported by Beurg et al. (5) in 2009.
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Po ¼ 1
2
hni (3)
by using a notation
hyi ¼ 1
Z
X
j
yjPj;
where Z ¼ Pj Pj and hyi is the mean value of an arbitrary quantity y with yj
being the value of y in state j. The open probability defined by Eq. 3 is the
same as that for the individual channel and is given by
Po ¼ Poo þ Poc
Z
: (4)
The stiffness ~k of the system, which includes the effect of channel gating in
response to displacement x, is given by
~k ¼ d
dx
hFi: (5)
By using Eq. 2, the stiffness ~k can be transformed into
~k ¼ hki  bF2 hFi2; (6)
where hki (¼hdF/dxi) is the mean stiffness that does not include the effect
of gating. Because hF2iR hFi2, gating reduces the stiffness ~k. This effect is
known as gating compliance (1). For convenience, we introduce a dimen-
sionless quantity k ¼ ~k=hki,
k ¼ 1 bhki

F2
 hFi2; (7)
which represents the ratio of stiffness reduction due to gating. We will later
refer to this quantity as the stiffness reduction ratio for brevity.Series connection
First, we consider a case in which two channels are connected in series by
a spring of stiffness ka, which is the tip link (Fig. 1 A). If each channel has its
own gating spring with stiffness kg and gating distance xg, then ks, the effec-
tive stiffness of the spring assembly, is
kS ¼

kgka

kg þ 2ka

:
This effective stiffness becomes kg/2 in the limit of the stiff tip link (19).
The free energy ej of the system in each state j for a given displacement x is
eoo ¼ 2mo þ
1
2
ks

x  2xg
2
; (8)
eoc ¼ mo þ mc þ
1
2
ks

x  xg
2
; (9)
ecc ¼ 2mc þ
1
2
ksx
2: (10)
Here mo and mc are intrinsic energy of the channel in open and closed config-
urations, respectively. The statistical weight Pj (Eq. 1) of each state j can be
written as
FIGURE 2 Predictions of the series-connection model. The minimum
value ks,min of the stiffness reduction ratio ks is plotted against g
(¼ kgxg2/(2kBT)). The single minimum (solid line) splits into double
minima (shaded dotted line) at the critical point C (2 ln 2, 1–(2/3) ln 2).
(Insets) Profiles of a single minimum at g ¼ 1.08 (left) and double minima
at g ¼ 3 (right) plotted against displacement x.
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2
; (11)
Poc ¼ c e12bksðxxgÞ
2
; (12)
Pcc ¼ e12bksx2 ; (13)
where c (hebðmomcÞ) is a constant.
By using Eqs. 11–13, the stiffness reduction ratio (Eq. 7) for series
connection, ks can be expressed
ks ¼ 1 2g ðPocPoo þ 2PooPcc þ PocPccÞðPoo þ 2Poc þ PccÞ2
; (14)
where
g ¼ bkgx2g=2:
This quantity could be called the reduced gating energy, because it is the
energy required to open the channel divided by thermal energy kBT.
It can be shown that the stiffness reduction ratio ks is related to open
probability Po,s, which is given by Eq. 4 with Eqs. 11–13. By taking deriv-
ative of Po,s, we obtain
ks ¼ 1 2xgdPo;s
dx
: (15)
This will be examined later where the predictions of the models are
compared to experimental data.
To find the number of minima of ks, we set dks/dx ¼ 0. This condition
leads to
c2Y2S  1

c2ASY
2
S þ 2c

2 A2S

YS þ AS
 ¼ 0; (16)
where
YS ¼ exp

bkSxg

x  xg

> 0 and AS ¼ expðg=2Þ > 1:
Equation 16 always has a root where Ys ¼ 1/c. In addition, if the discrim-
inant of the quadratic equation is positive, it has two more roots and ks has
double minima in x axis. This condition is simplified as As > 2, which is
equivalent to g > 2 ln 2.
Thus, only if g % 2 ln 2, the reduction ratio ks has a single minimum
ks,min,
ks;min ¼ 1 g
1 þ eg=2
at
x ¼ xg
	
1 lnc
g


:
Note that ks,min is a decreasing function of g and at g¼ 2 ln 2 it takes a posi-
tive value 1–2 ln 2/3(¼ 0.5379.). A further increase in g splits the single
minimum into two equal minima,
ks;min ¼ 1 g
4ð1 egÞ;
which turn negative if g is larger than 3.92. (see Fig. 2).Parallel connection
Next, we examine the case in which two identical channels are connected in
parallel. Suppose the two channels connected in parallel are linked with an
elastic element with stiffness kb (Fig. 1 B).
The energy ej in each state j for a given displacement x is expressed as
follows (see Derivation of Eqs. 17–19):
eoo ¼ 2mo þ
1
2
kp

x  xg
2
; (17)
eoc ¼ mo þ mc þ
1
2
kp

x  xg
2
2
þ 1
4
kgx
2
g; (18)
ecc ¼ 2mc þ
1
2
kpx
2; (19)
where
kp ¼ 2kgkb=

2kg þ kb

:
Here mc and mo are intrinsic energy of the channel in closed and open config-
urations, respectively. The statistical weights of corresponding states can be
given by
Poo ¼ c2exp

 1
2
bkp

x  xg
2
; (20)
Poc ¼ c exp

 1
2
bkp

x  xg
2
2
þ 1
4
kgx
2
g

; (21)
Pcc ¼ exp

 1
2
bkpx
2

: (22)
Using Eqs. 20–22, the stiffness reduction ratio (Eq. 7) for parallel connec-
tion, kp, is expressed as
kp ¼ 1
bkpx
2
g ðPooPcc þ PocPcc þ 12PooPoc

ðPoo þ 2Poc þ PccÞ2
; (23)Biophysical Journal 99(4) 1027–1033
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kp ¼ 1 xg
dx
; (24)

c2Y2p  A4p
h
c2BpY
2
p  2cAp

A2p  2B2p

Yp þ A4pBp
i
¼ 0;
(25)
kp;min ¼ 1 agða þ 2Þð1 þ exp½ g
aþ 2
; (26)
at
xp;min ¼ 1
2
xg
	
1 a þ 2
a
lnc
g


:
The dependence of kp,min on gating energy g and the stiffness ratio a is
illustrated in Fig. 3 A. Gating compliance increases with increasing gating
energy g. For a given value of a, the minimum value kp,min of the stiffness
reduction ratio decreases with g and can become negative if g is >2
(see Condition for Negative Stiffness for Parallel Connectivity).
Gating compliance increases with the stiffness ratio of the shared spring,
a for a given g (Fig. 3, A and B). If the link between the channels and the tip
link is soft, the stiffness of the hair bundle will remain constant because
gating does not happen. This situation corresponds to the behavior where
a-value is close to zero in Fig. 3, A and B. In the other extreme, if a is infi-
nitely large, the two channels will become independent of each other and
gating of these channels will be same as that of the single channel. This
explains why for large a, kp,min approaches 1 – g/2, the value for a single
channel (1), in Fig. 3 B.
If the gating energy g is >4 (see Cooperative Gating of Two Channels
Connected in Parallel), for intermediate values of a, the stiffness reduction
ratio kp of the two channels has a lower minimum than that of a single
channel (Fig. 3, A and B). This can be attributed to a cooperative effect
of the two channels being coupled by an elastic element.
The cooperative effect increases with the gating energy. In the limit of
infinite g, the minimum of kp of the two channels with optimized a is
approximately twice as low as that of the independent channels (see Coop-
erative Gating of Two Channels Connected in Parallel). However, experi-
mental values for g are <10 (7). Indeed, a large value for gating energy
g makes the MET channel insensitive to applied force. For this reason,
this cooperative effect cannot be significant and the gating compliance of
the two identical channels connected in parallel should be similar to that
of a single channel (Fig. 3 C).a
g
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FIGURE 3 Predictions of the parallel connection model. (A) Contour plot of m
(¼ kgxg2/(2kBT)) and a (¼ ka/kg). (B) kp,min plotted against a for g¼ 1 (dotted), g
ment x for a ¼N (solid) and optimal a ¼ 10 (shaded) at g ¼ 6. The differenc
Biophysical Journal 99(4) 1027–1033Why does parallel connection of MET channels have so little effect? One
might expect that increasing stiffness kb of the shared spring increases steric
interaction between the MET channels and thus these channels become
more cooperative. However, such a change brings the gating of the channels
closer to that of a single channel. Steric interaction between channels is
built into the standard description of the MET channel proposed by Howard
and Hudspeth (1), which assumes that bending of a hair bundle imposes an
equal displacement on all MET channels in the hair bundle (20).RESULTS
Comparison with experimental data
To compare experimental data with the theoretical predic-
tions, we discuss briefly how to obtain experimental values
for the open probability of the channel and the stiffness
reduction ratio.
The open probability Po of the MET channels is obtained
by dividing the transducer current by its maximum value.
Errors in this quantity are minor if transducer current shows
saturation in the current-displacement plot.
To obtain stiffness reduction ratio k (Eq. 7), hair bundle
stiffness must be obtained as the displacement derivative
of bundle force F,
F ¼ kNx  ktxgP0; (27)
where x is displacement, kt the stiffness of transduction
elements, and kN the hair bundle stiffness in nongating
range. The stiffness reduction ratio k is then obtained by
k ¼
	
1 kN
kt


þ kh
	
kN
kt


; (28)
where kh is the normalized hair bundle stiffness, i.e., kh ¼
(dF/dx)/kN.
The data of open probability and the stiffness reduction
ratio are plotted against hair bundle displacement (Fig. 4).
In the figure, the curves are the theoretical fits obtained
from the two models. The fits were calculated using the100 10000  -2 0 2
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FIGURE 4 Open probability Po and the stiffness reduction ratio k
compared with the series-connection and the parallel-connection models.
Data points () from (A) rat outer hair cells (2), in (B) bullfrog saccular
hair cells (10), and in (C) turtle auditory hair cells (9). (Lines, left column)
Series connection model. (Lines, right column) Parallel-connection model.
This is, in effect, indistinguishable from the classical one-channel-per-tip-
link model. (For details of comparison, refer to the text.) Parameter values
used in panel A (a) and panel A (c): ks ¼ 0.70 mN/m, kN/kt ¼ 1.0, xg ¼
65 nm; (solid line) with c ¼ 0.080, xg ¼ 85 nm; (shaded line) with c ¼
0.045, and xg ¼ 100 nm; (broken line) with c ¼ 0.035. Parameter values
used in panel A (b) and panel A (d): kg ¼ 0.25 mN/m, xg ¼ 190 nm,
c ¼ 0.10, a ¼ 50, and kN/kt ¼ 1.0. Parameter values used in panel B (a):
ks ¼ 12.0 mN/m, xg ¼ 30 nm, and c ¼ 49; (solid line) ks ¼ 15.0 mN/m,
xg ¼ 42 nm, and c¼ 7500; (broken line) with kN/kt ¼ 1.0. Parameter values
used in panel B (b): kg ¼ 3.7 mN/m, xg ¼ 92 nm, c ¼ 31, a ¼ 3.7, and
kN/kt ¼ 1.0. Parameter values used in panel C (a): ks ¼ 21 mN/m, xg ¼
24 nm, c ¼ 0.050, and kN/kt ¼ 1.0. Parameter values used in panel C
(b): kg ¼ 4.9 mN/m, xg ¼ 53 nm, c ¼ 0.22, a ¼ 250, and kN/kt ¼ 1.0.
Gating of Two Channels 1031optimization toolbox (lsqcurvefit) of MATLAB (Ver. 7.8;
The MathWorks, Natick, MA). This curve-fitting algorithm
minimizes the mean-squared error between the data and the
theoretical prediction.Rat outer hair cells
Experimental data on rat outer hair cells (2) do not show
a good fit with the series connection model (Fig. 4 A (c)).The stiffness reduction ratio has a single minimum, which
is lower than the critical value of 1–2 ln 2/3(¼ 0.5379.)
for the series connection model. Thus, the data are inconsis-
tent with the series connection model, which predicts double
minima. The parallel connection model can provide
a reasonable fit, which is similar to that of the one-
channel-per-tip-link model (Fig. 4 A (d)). This observation
is compatible with the report that these cells have two or
more channels and that channel is not located at the higher
ends of tip links (5).
The curve-fits of the open probability, however, are not as
sensitive to distinguish the two models (Fig. 4 A (a and b))
as predicted in Eqs. 15 and 24.
This analysis of the stiffness data is consistent with other
experimental observations as described above. However, the
parameter values of the optimal fit may not be realistic. The
relatively weak displacement dependence of gating requires
the combination of relatively large gating distance of
190 nm and weak gating spring, requiring a rather large
number of channels. That makes it hard to rule out the possi-
bility that the experimentally obtained stiffness changes and
transducer current may be affected by the distribution of
operating points of the channels in the hair bundle rather
than the characteristics of the gating of individual channels.
This issue was already present in the initial interpretation of
the experimental data using the classical model (2). If that is
the case, our analysis regarding the connectivity of channels
may not be relevant to these data.Frog saccular hair cells
For the bullfrog saccular hair cells, experimental values for
the stiffness reduction ratio have a single minimum, which
is negative far below the critical value for a single minimum
in the series connection model (10). Therefore, this feature
is consistent with the parallel connection model and incom-
patible with the series connection model (Fig. 4 B). This
result is also consistent with the well-established analysis
of mechanotransduction of bullfrog hair cells with one-
channel-per-tip-link model (1).Turtle auditory hair cells
Of the existing datasets for the hair bundle stiffness of turtle
hair cells (9), only one dataset shows a minimum of the stiff-
ness reduction data lower than the critical value of
0.5379., the condition advantageous to compare the
predictions of the two models. This single dataset fits
slightly better to the series connection model than to the
parallel connection model (Fig. 4 C). Even if we disregard
the double minima as the result of noise, the stiffness data
still have a broad minimum, which is still more consistent
with the series connection than the parallel connection.
Other datasets are not as discriminating of the difference
between the models because their minima are above theBiophysical Journal 99(4) 1027–1033
1032 Sul and Iwasacritical value of 0.5379. (see Table S1 and Fig. S1 in the
Supporting Material). For this reason, we cannot rule out
the possibility that turtle hair bundles have a series connec-
tion of the two channels.
Finally, we make a simple remark on the significance of
our findings on hair bundle organization. The observation
that two channels are likely in parallel connection is
consistent with the report that mechanoelectric transducer
channels are located at the lower end of tip links (5).
However, the localization of the adaptation motor must
be also important. If the adaptation motor is located at
the higher end of the tip link (21), the operating points
of mechanotranducer channels may not be identical, which
is unfavorable for negative stiffness (20). Thus, such an
organization of hair bundles may not be advantageous for
negative stiffness, which is expected to be essential to func-
tion as an amplifier (11,22). This issue could be related to
possible variability in the localization of myosins in hair
bundles (23).
CONCLUSIONS
In this report, we examined gating of the two identical chan-
nels, connected either in series or in parallel. We found that
the difference is most pronounced in gating compliance. If
two identical channels are connected in series, negative
stiffness must have double minima when plotted against
displacement. In contrast, parallel connection of two iden-
tical channels results in gating similar to that of a single
channel. Our results confirm that the prevailing approach
for analyzing the gating of MET channels is, in effect,
compatible with the existence of two or more channels per
tip link. However, we found that experimental data on turtle
hair cells does not rule out the series-connection model.
These findings suggest the importance of a further study
on the connectivity between the tip link and the transducer
channels.(0,0) D
y1
y2
1
γ − 1
Dlim
FIGURE 5 Parameter ranges of g and D (h g/(a þ 2)) giving negative
stiffness in the parallel-connection model. Negative stiffness exists where
y1 (h e
D) > y2 (h – 2D þ g – 1). This condition leads to g > 2 and
0 < D < Dlim.APPENDIX
Derivation of Eqs. 17–19
Let the total displacement of the system be x and the displacement of the
channel elements be x 0. The displacement of the shared spring kb is then
x – x 0 (see Fig. 1 B). The energy of the system in each state is
eoo ¼ kg

x 0  xg
2 þ 1
2
kbðx  x 0Þ2; (A1)
eoc ¼ 1
2
kg

x 0  xg
2 þ 1
2
kgx
02 þ 1
2
kbðx  x 0Þ2; (A2)
ecc ¼ kgx 02 þ 1
2
kbðx  x 0Þ2: (A3)
Displacement x 0 is determined by the equation for force balance,
2kgx
0  njkgxg ¼ kbðx  x 0Þ;Biophysical Journal 99(4) 1027–1033where nj is the number of open channels, i.e., 2 for {o,o}, 1 for {o,c}, and
0 for {c,c}. This condition leads to
x0 ¼ kbx þ njkgxg
kb þ 2kg : (A4)
By substituting x 0 in Eqs. A1–A3 by Eq. A4, we obtain Eqs. 17–19.Condition for negative stiffness for parallel
connectivity
By introducing a parameter D (¼ g/(a þ 2)) into Eq. 26, the condition
kp,min < 0 can be expressed as
kp;min ¼ 1 ðg 2DÞ 1
1 þ eD < 0: (A5)
This inequality can be rewritten as
eD < 2D þ g 1: (A6)
This inequality can be illustrated by plotting y1¼ eD and y2¼ – 2Dþ g – 1
together against D (Fig. 5). To satisfy y1 < y2, the condition g – 1 > 1 is
required because D > 0. Thus, negative stiffness exists if g > 2 and 0 < D
< Dlim, where Dlim is the solution of the equation e
D ¼ – 2D þ g – 1.
Cooperative gating of two channels connected in
parallel
For the stiff elastic element ka that anchors the two channels (i.e., a/N),
we have a limiting value
kp;min/1 g=2;
which is same as gating of a single channel. To examine the presence of
optimal kp,min minimized by a, we put dkp,min/da ¼ 0. This leads to
eD ¼ D þ g
2
 1; (A7)
with D ¼ g/(a þ 2). The left-hand side is an increasing function and the
right-hand side is a decreasing function of D. Because D > 0, a root exists
only if g/2 – 1 (i.e., the right-hand-side value at D¼ 0) is greater than unity
(i.e., the left-hand-side value at D ¼ 0). This leads to g > 4.
By putting Eq. A7 in Eq. 26, we obtain kp,min optimized by a such that
kp;min ¼ 3 g þ 2g
a þ 2: (A8)
Gating of Two Channels 1033Thus, for infinitely large g, the ratio of optimized kp,min to 1 – g/2 is 2–4/
(a þ 2) and this value approaches 2 for large a.SUPPORTING MATERIAL
One table and one figure are available at http://www.biophysj.org/biophysj/
supplemental/S0006-3495(10)00667-3.
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